Volume 16, Number 2 FIGURE 5. Translation, showing mRNA:tRNA codon/anticodon matches, and then peptide bond formation as it occurs on the ribosome.
INTRODUCTION
The central dogma is a core concept that is one of the most critical for introductory biology and microbiology students to master, related to mutations, cancer, gene expression, development, and many other biological events. However, students often struggle to conceptualize the processes involved and fail to move beyond simply memorizing the basic facts. The constructivist model for learning proposes that more active approaches are more effective for learning. To encourage critical thinking, we have designed a set of magnetic nucleotides that allow students to model DNA structure, replication, transcription, and protein synthesis. Manipulatives have been used to teach molecular biology to students in a Clinical Laboratory Sciences program (2) , and effectively in a freshman general biology course (1) . Manipulatives should be especially effective at promoting kinesthetic learning.
PROCEDURE

Preparation of supplies
To illustrate nucleotide structure (activity 1), large nucleotide images (Appendix 1) are printed out separately onto 8½" by 11" cardstock and laminated. All images were made using ChemDraw Std 14 (PerkinElmer Informatics). Small nucleotide diagrams (found in Appendix 1) are also printed onto card stock, laminated, and loosely cut out. A 1½" adhesive magnetic strip (found in craft supply stores) is then applied to the back of each nucleotide. A total of 48 DNA nucleotides are required to illustrate DNA replication, and 12 mRNA nucleotides are required to illustrate transcription, along with 4 tRNAs for translation. Finally, small rectangles labeled "methionine," "alanine," and "leucine" are printed onto cardstock, laminated, cut out, and an adhesive magnet is applied to the back of each.
In order to represent energy transfer during nucleic acid synthesis, diphosphate groups are printed onto card stock, laminated, and cut out. A 1" by 1" square of Velcro is attached to the diphosphate group as well as the to the phosphate portion of a nucleotide (Fig. 1) . It is not necessary to make diphosphate groups for all DNA and RNA nucleotides; a representative three or four should be sufficient to illustrate the point.
Bonding is illustrated by cutting 3 / 8 " by ¾" strips of cardstock and adhering them to similarly sized magnetic strips. Dots are placed on the strips to indicate the number of hydrogen bonds between nucleotides in opposing strands, and "phosphodiester" is written on strips to indicate bonds within a strand.
If magnetic chalkboards are not available, an oil drip pan (25" × 47") can be purchased inexpensively as a surface for the activity.
Student activity
This activity follows a series of lectures and/or videos on basic prokaryotic molecular biology. All exercises work well with groups of three to six. The instructor can keep the students in the same groups throughout the entire activity or remix the groups before each individual exercise. The general format is to give students the assignment (i.e., assemble a DNA strand), have them complete it in groups as the instructor rotates around and gives guidance, and then have a brief class-wide discussion where groups share their experiences.
1. Student groups are each given one large printed nucleotide. They are then asked to label, with a fine-tip washable marker, all five of the carbons of the sugar ring, the 5' and 3' ends of the nucleotide, the phosphate group, and the nitrogenous base. They are also asked to identify whether it is a DNA or RNA nucleotide. This ensures their clear understanding of the components of a nucleotide, polarity of a nucleotide, and differences between deoxyribonucleotides and ribonucleotides. After the activity, the laminated sheets can be wiped clean with a damp cloth, dried, and reused. 2. In the second exercise, students will model the following DNA strand: 5'-TCAGGCTAGCAT-3'. Once they have done this, they then generate the opposing strand as well (see Fig. 2 , for example). In building a dsDNA sequence, students clearly visualize backbone phosphodiester bonds within strands as compared with hydrogen bonds between bases across strands, the 5'-to-3' polarity of strands, and also the antiparallel structure of dsDNA. 3. DNA replication can then be illustrated, with students creating a replication fork and forming leading and lagging strands (Fig. 3) . This helps students clearly visualize the implications of polymerases only adding to the 3-prime end of strands. If this activity is done on a magnetic chalkboard, the students can write alongside the construct both the various enzymes required for replication and the location of replication in a eukaryotic and prokaryotic cell. The diphosphate groups and matching mononucleotides can be used to illustrate energy transfer required for replication; again, only three or four triphosphates should be needed for the students to conceptualize this process. 4. Similarly, transcription (see Fig. 4 ) and translation (see Fig. 5 ) can be modeled when students use the DNA sequence from the second exercise as the template strand for a "gene." Students visualize how the template DNA strand is complementary, but not identical, to the mRNA and how tRNA works as a translator. This counters one common misconception held by students, that amino acids somehow recognize codons or physically bind to them. As with replication, students can write down on the side the enzymes required for these processes and locations in prokaryotic and eukaryotic cells, with the level of detail set by the instructor as appropriate to the course. 5. Finally, adding, removing, or changing a nucleotide in the DNA sequence can illustrate the effects of mutations on the amino acid sequence of a protein, via silent, missense, non-sense, and frameshift mutations.
Expect to take 10 to 15 minutes apiece for the five exercises, each one followed by a few minutes of discussion and error checking, typically having groups compare their answers. 
CONCLUSION
After completing this activity, students seem to have a much greater appreciation for DNA structure and a grasp of the notion that, functionally, base-pairing is a key mechanism of information transfer in cells. Kinesthetic learners may especially benefit from manipulating the nucleotides to correctly pair bases. Students could develop critical thinking as they determine the effects of altering a DNA sequence on the encoded protein. The models make these core concepts less abstract and more tangible for students. This activity is very straightforward, with the level of detail easily controlled by the instructor. It focuses on information flow, and can be completed with discussions in one 50-minute class period.
SUPPLEMENTAL MATERIALS
Appendix 1: Nucleotide sketches
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